The structure of (C 2 H 5 NH 3 ) 3 3-units (corner sharing octahedra) and the other one is made of corner sharing SbCl^2 -square pyramids. In the cavites between the polyanionic chains four non-equivalent ethylammonium cations are located. Three of them are disordered. The cations are connected to the anions by weak N-H...C1 hydrogen bonds. A first order phase transition of the order-disorder type was found at 274 K. It was studied by DSC, dielectric and X-ray diffraction methods. The mechanism of the phase transition is attributed to the ordering of at least one of the ethylammonium cations.
Introduction
Halogenoantimonates(III) with organic cations have widely been investigated. They show numerous phase transitions, some of them to polar phases. These compounds have anionic sublattices composed, generally, of SbCl 6 3-deformed octahedra, isolated or connected with each other by corners, edges or faces, forming various polyanionic units. There exists literature on halogenoantimonates(III), most of them involving properties of methyl-, dimethyl-, trimethyland tetramethylammonium derivatives: [1 -4] ,
The characteristic feature of this family of compounds is that antimony(III) shows a tendency towards distorted octahedral coordination, with the Sb-X (X = CI, Br, I) bond lengths differing significantly from one another. This is attributed to the deviation from spherical symmetry of the spatial distribution of the lone electron pair located at Sb(III).
The present work is part of a larger project of studying the crystal structure and phase transitions of halogenoantimonates(III). The main focus in those investigations is directed to the crystallochemistry of Sb(III) compounds and their physical properties.
Ethylammonium chloroantimonates(III) were reported to crystallize in two different stoichiometries:
(C 2 H 5 NH 3 )SbCl 4 and (C 2 H 5 NH 3 ) 3 SbCl 6 [5] [6] , Only the structure of the second compound was reported so far. We describe here the crystal structure and phase transition of a salt with the general formula (C 2 H 5 NH3) 4 Sb3Cl 13 . It is the first report on the structure of a salt with this stoichiometry. Since its anionic sublattice is built of two different polymeric zig-zag chains characteristed by two different stoichiometries, (R 3 Sb 2 Cl 9 and RSbCl 4 ) [7 -8] , we shall use the formula (C 2 H 5 NH 3 ) 3 Sb 2 Cl 9 • (C 2 H 5 NH 3 )SbCl 4 .
Experimental Details
The (C 2 H 5 NH 3 ) 3 Sb 2 Cl 9 • (C 2 H 5 NH 3 )SbCl 4 crystals were synthesised in a reaction of ethylamine and antimony trichloride (molar ratio from 1:2 to 2:1) in water solution of hydrochloric acid. Transparent, needle-shaped crystals were grown by slow evaporation at room temperature. Their melting point is at 425 -429 K.
Data for the structure determination were collected on a KUMA KM-4 K-axis diffractometer with Mo Ko radiation (A = 0.71073 A; graphite monochromator). Lattice parameters were refined from setting angles of 24 reflections in the 13° < 29 < 27° range. A total of 4090 reflections with 4° < 29 < 55.6° were collected 0932-0784 / 00 / 0500-540 $ 06.00 © Verlag der Zeitschrift für Naturforschung, Tübingen • www.znaturforsch.com using the uj-6 scan technique. Out of 4089 independent reflections, 2131 had I > 2a (/). Two control reflections measured after an interval of 50 reflections show that the intensity variation was negligible. Lorentz, polarisation and semiempirical absorption correction (via -0-scans, based on reflection measurements at different azimuthal angles [9] ) were applied (7 min = 0.385, T max = 0.443).
The structure was solved by the Patterson method and refined by a full-matrix least squares method. From the systematic absences, a centrosymmetric Pnma and a non-centrosymmetric Pna2, space group follows. An attempt to refine the structure in the centrosymmetric space group led to an unreasonable 7165 (1) 1343 (1) 6647 (6) 91 (1) C16 7253 (1) 142 (1) 8933 (2) 93 (1) C17 7207 (1) 150 (1) 4531 (1) 93 (1) C18a 9096 (2) 1142 (1) 4464 (3) 98 (1) C18b 8883 (2) 945 (1) 3964 (4) 114 (1) C19 9034 (1) 1079 (1) 9127 (2) 108 (1) C110 9055 (1) -413 (1) 6718 (5) 83 (1) cm 10913 (1) 1884 (1) -418 (2) 93 (1) CI 12 9270 (1) 2323 (1) 1670 (5) 94 (1) CI 13 10863 (1) 1910 (1) 3998 (2) 90 (1) NI 9422 (2) 2267 (1) 6764 (11) 120 (1) CI 8692 (2) 2458 (2) 7325 (5) 101 (2) C2 8133 (2) 2669 (2) 6092 (6) 128 (2 (2) model of disorder. Therefore the Pna2j group was selected (Flack parameter = -0.08 (12)). The second enantiomer was checked. The final R indices are comparable to those for the first one, with the absolute structure parameter equal to 0.38 (11) . Parameters of non-hydrogen atoms were refined using anisotropic temperature factors. The occupancy factors for all split atoms (CI, N, C) were refined until converged and then were fixed at 0.5. All hydrogen atoms were included using standard geometric criteria. Hydrogen atoms of methyl and methylene groups were constrained to distances of 0.96 A (H atoms of amine group to 0.90 A). The positions of hydrogen atoms were refined using the riding model. KUMA software was used in the data collection, cell refinement and data reduction processes [10] . The SHELX-97 [11] program was used for structure solution and refinement. The structure drawings were prepared using the SHELXTL program [9] . The details of the data collection and processing are listed in Table 1 . Final atomic coordinates and equivalent isotropic displacement parameters for non-H atoms are shown in Table 2 (For the numbering of the atoms cf. Figure 3) . A list of calculated and observed structure factors may be obtained from the authors on request.
The differential scanning calorimetry (DSC) studies were carried out on a Perkin-Elmer DSC-7 calorimeter with a cooling/heating rate of 20 and 10 K min -1 . The measurements were performed at 100-470 K.
The complex electric permittivity was measured along the c direction (perpendicular to the cleavage plane) by an HP4284A precision LCR meter in the frequency range 75 kHz -30 MHz. The measurements were performed at 120 -320 K. The temperature was changed at the rate 0.2 K min -1 in the vicinity of the phase transition and about 0.5 K min -1 elsewhere. The dimensions of the measured plates were about 4x3x1 mm 3 . The plates were silver painted before the experiment. No dielectric dispersion was observed in the studied frequency range. The over-all error of the real part of the complex electric permittivity was smaller than 10%.
The temperature dependence of the lattice parameters was measured on the KM-4 KUMA diffractometer with the Oxford Cryosystem cooler (dry nitrogengas stream, temperature stability 0.1 K). The measurements were carried out at 140 -300 K. Lattice parameters were refined from setting angles of 20 reflections in the 13° < 20 < 21° range. Symmetry codes: ( are between: 2.758(3) and 3.120 (1) A. An exception is the longest Sb 1-C15 distance, which amounts to 3.559(1) A. The environment of an Sbl atom may therefore be treated either as a much deformed octahedron (according to Pauling the sum of the van der Waals radii for Sb(III) and CI is 4.0 A [12] ) or a square pyramid. Considering, however, the significant difference between the longest Sb-Cl bonds and the length of Sbl-C15 contact (ca. 0.44 A) together with the large deviation of Cl-Sb-Cl angles involving C15 from 90° we decided to treat the environment of the Sbl atom as a square pyramid, rather than a much distorted octahedron. The anionic sublattice of (C 2 H s NH 3 ) 3 Sb 2 Cl 9 • (C 2 H 5 NH 3 )SbCl 4 salt is composed of two independent polyanionic chains, extended along the c-axis; one composed of SbXl 9 3-and the other one of SbCl 4~ units. It should be noted that the title crystal appears to be the first alkylammonium halogenoantomonate(III) in which the anionic part of the structure is composed of two independent subunits, characteristic of two different stoichiometrics.
Results and Discussion

X-ray Studies
The (Sb 2 Cl 9 3~)
;i double chain consists of SbCl 6 3-octahedra connected by the corners in such a way that each antimony atom is surrounded by three bridging and three terminal chlorine atoms (Figure 1 (top) ). The other polyanionic chain (SbCl 4~) " is built of corner sharing SbCl 5 2-square pyramids (Figure 1 (bottom) ). Two of thirteen independent chlorine atoms are disordered and split between two sites. The bond lengths and angles within the anionic sublattice are given in Tables 3 and 4 . A packing plot of the unit cell is shown in Figure 2 .
In the (SbCl 4~) " chain built of square pyramids, the Sb-Cl bond lengths fall into the range 2. The chain built of square pyramids connected with each other by corners was also found in [(C 2 H 5 ) 3 NH]SbCl 4 [8] . The bond lengths in this crystal are similar to those of the title compound. The equatorial Sb-Cl bonds fall in the range 2.433(2) -2.942(2) A, whereas two independent axial bondlengths are 2.381(1) and 2.388(1) A. A significant difference, however, is found in the geometry of the polyanionic chain. The angle between the planes defined by the equatorial chlorines of adjacent 88.18 (6) Symmetry codes:
pyramids in the title crystal is 176°, whereas in [(C 2 H 5 ) 3 NH]SbCl 4 it is only 63°.
In the (Sb 2 Cl 9 3 -)" double chain each antimony atom (Sb2 and Sb3) is bonded to six chlorine atoms with bond lengths between 2.446(1) and 2.945(1) A for the Sb2 octahedron, and from 2.385(1) to 3.120(1) A for the Sb3 octahedron. One out of six bridging chlorine atoms (C18) is disordered. It is positioned on two sites with occupancy factors of 0.5. All Sb-Cl bonds fall into two clearly defined ranges: 2.385(1) -2.472(1) A characteristic of terminal chlorine atoms and 2.758(3) -3.120(1) A characteristic of bridging ones. The bond angles for CI atoms eis to one another are in the range 80.68(7) -97.23(7)°, significantly deviating from 90°. The N...C1 contacts range from 3.155(7) to 3.385(7) A, indicating that cations are bound to the anionic sublattice by weak N-H...C1 hydrogen bonds ( The anionic sublattice, composed of (Sb 2 Cl 9
?~~) ;! one-dimensional double chains, possess e.g. (n-C 3 H 7 NH 3 ) 3 Sb 2 Cl 9 [7] , Two ranges of Sb-Cl bond lengths were also found in this crystal. The terminal bond lengths are between 2.414(7) and 2.512 (7) A, and the bridging ones between 2.760(9) and 3.025 (12) A. There are four non-equivalent ethylammonium cations in the crystal structure. They are characterised by large thermal motions, which is reflected in their large temperature factors. Three cations are disordered. The disorder is realised by splitting all atoms between two sites with half occupancy. Freezing the reorientations of cations by lowering the temperature or increasing the pressure may lead to phase transitions. Figure 4 . The plot reveals one distinct thermal anomaly at ca. 274 K. The enthalpy and entropy of the transition are AH= 1.52 kJ mol" 1 and AS = 5.61 Jmol -1 K _1 , respectively. The relatively sharp peak on a DSC curve, the value of the thermal hysteresis and the transition entropy (close to R In 2 = 5.76 J mol -1 K -1 ) indicate that the phase transition is of first order and of the order-disorder type. It is probably connected with freezing the reorientation motions of at least one of the ethylammonium cations on lowering temperature. Figure 5 presents the temperature dependence of the real part of the electric permittivity (e') in the vicinity of the phase transition, measured along the c-axis at 1 MHz for (C 2 H 5 NH 3 ) 3 Sb 2 Cl 9 • (C 2 H 5 NH 3 )SbCl 4 . The anomaly was well reproducible, with a thermal hysteresis of ca. 3 K. In the vicinity of the phase transition (+/-1 K) we observed a decrease of the electric permittivity on decreasing the temperature. This supports the supposition that this phase transition is associated with freezing of reorientation motions of the cationic sublattice. corresponding to the phase transition found by DSC and dielectric studies. On decreasing temperature the a and c lattice parameters decrease, while the b parameter increases. Below the phase transition temperature we found a broadening and then splitting of the reflections, which indicates that the symmetry of the crystal below T c is lowered, with change of the crystal system, to monoclinic or triclinic. This prevented us from determining the crystal structure of the title compound below T c .
Dielectric studies
Conclusions
• The crystal structure of (C 9 H 5 NH 3 ) 3 Sb 2 Cl 9 • (C 2 H 5 NH 3 )SbCl 4 has been determined at 295 K. It is the first example, in the group of halogenoantimonates(III) and bismuthates(III), of a salt of R 4 M 3 X 13 stoichiometry (R-cation, M = Sb, Bi, X = CI, Br, I). The crystal structure of the title compound is composed of two independent (Sb 9 Cl 9 3-),, and (SbCl 4~) " polyanionic zig-zag chains and four crystallographically non-equivalent ethylammonium cations.
• found. The mechanism of the phase transitions is most probably connected with the freezing of the reorientation motions of at least one out of three disordered at room temperature crystallographically nonequivalent ethylammonium cations.
